An auxanometer based on capacitance micrometry is described. It does not require light or contact with the plant, and will detect changes in length of the Avena coleoptile of 1 micrometer in 3 to 5 seconds. The field employed, 1 kilohertz at a gradient of 5 volts per centimeter, does not affect the growth rate of the coleoptile. Vertical illumination with blue light at fluences of 1 to 50 ergs cm-2 cause an accelerated rate of coleoptile extension, beginning within 10 min after exposure. At higher exposures, the previously described growth inhibition becomes dominant.
We have proposed that the primary physiological response to a System I phototropic gradient is a differential inhibition in the rates at which auxin is transported basipetally (4) . If the hypothesis is valid, it would follow that shoot elongation should be inhibited by equilateral irradiation with radiant energies in the first positive range of response, and that the dose response, kinetics, and action spectrum of the inhibition should be similar to those of phototropism. Though some evidence for these similarities has been obtained (4) , there was considerable variance in dose response evaluations and no fine detail in the action spectrum because of the insensitivity and intrusive effects of the techniques used for the measurement of growth. The problem is, in part, that curvatures are consequences of relatively small, difficult to measure, growth differences. A more sensitive, nondestructive method for determining shoot elongation was needed, preferably one that did not involve visible light or contact with the organ. To fulfill these requirements a capacitance micrometer sensitive to organ elongation was developed. We describe here that micrometer, and its use in determining the radiation response of oat shoot elongation to very low levels of blue light.
MATERIALS AND METHODS
The Auxanometer. If a voltage is applied between two flat parallel conducting plates electrically insulated from each other, a charge will be stored between the plates for a period that depends on the voltage frequency and the dissipation. The magnitude of the charge in coulombs that is stored per volt is the capacitance in farads. For a parallel plate capacitor, it can be shown that the capacitance is directly proportional to the area of the plates and inversely proportional to the distance between them. The proportionality constant, in the mks system, is 7r/4 times the dielectric constant (e) of the medium.
Our initial approach was based on two considerations. First, that the dielectric constants of air and tissue (water) are sufficiently different (e -1 versus 80) so that incremental intrusion of a shoot between plates of an air capacitor would change proportionately the capacitance by dielectric and electrode effects; second, that the magnitude of the electrical change would be large enough to detect and follow with a precision sufficient to characterize the kinetics of the photoresponse.
A first model of the auxanometer utilized vertically oriented parallel plates as the capacitor. The shoot of the oat seedling, growing in sand in a stainless steel can, was placed between the plates so that its longitudinal axis was approximately parallel to the plate and in normal orientation with respect to gravity. Though changes in capacitance proportional to shoot growth were observed, the system was unacceptably sensitive to lateral displacements of the seedling, to circumnutatory movements, and to changes in ambient temperature and humidity. The device was therefore modified to a two-capacitor network electrically shielded and thermally insulated from the surroundings. The two capacitors are a vertical stack of three horizontal parallel plates, 3.8 X 10.2 cm, spaced 55 mm apart with the center plate common (Fig. 1) . Each capacitor is connected to a capacitance bridge through a double pole, double throw switch, which shorts to ground the capacitor not being measured and enables three-terminal circuitry.
Alternate measurements are made by switching between the upper (test) capacitor and the lower (monitor) capacitor. Between the test plates is placed a can of moistened sand that contains the seedling, growing in vertical orientation. Between the monitor plates is placed an identical container of sand, without a seedling. Changes in capacitance unrelated to incremental elongation of the shoot are compensated for by treating the monitor as a blank. The net capacitance changes are due entirely to changes in the geometry of the plant, with the significant variable being the distance from the tip of the shoot to the bottom of the top plate. The measuring, switching, and monitoring cycle can be conveniently performed at 3-min intervals. Small changes in capacitance are detected by use of orthodox capacitance bridge circuitry, but with components that are sensitive and of high signal-noise ratio (Fig. 2) .
To permit calibration of the system by optical measurement of growth rates, narrow slits are provided on opposite sides of the shielding to enable scan, under dim green light ( The electric field of the capacitor is produced by a 1-kHz, 30 -v potential applied across the plates. To determine whether this field affected the growth of the plant being measured, growth rates of 3-day-old shoots were followed optically over a 6-hr period. One population was unexposed to the field, a second was not exposed for 1 hr, and then the field was turned on. 
RESULTS AND DISCUSSION
Because of variations in growth rate between individual coleoptiles, in the experiments to be described each treatment was replicated in sets of nine plants; five of the plants were irradiated and the remaining four served as unirradiated controls. Figure 4 shows one such group of nine plants. It gives the initial length in millimeters of each coleoptile, the subsequent growth during the next hour, and the effect of irradiating five of the plants. In the irradiated plants a reduction in growth rate is manifest about 1 hr after exposure. The sensitivity of the detector permits discrimination at micrometer levels. When differences between the means of the five irradiated and the four control plants are obtained at this discrimination level for each measurement set (10 to 15 min), and these differences (A(AL)) are plotted verslus time, the response shown The low order acceleration of growth occurring at the lower exposures, detected here because of auxanometer sensitivity, appears to be a previously undescribed response to light. Growth inhibition after illumination of organs has been noted in numerous works (1, 3, 5, 6, 9) . In all of these the fluences used were so high, or the sensitivity of measurement was so low, that growth inhibition was the first response noted. If growth acceleration is manifest as a growth differential upon unilateral irradiation, one would anticipate a negative phototropism of the shoot at low energies, or possibly negative followed by positive phototropism, at incident energies equivalent to fluences of 500 ergs -cm-2 blue light (Figs. 5 and 6 ). In time-lapse photography of phototropism we have occasionally found a slight negative response preceding the positive curvature, but attributed the phenomenon to coincidental circumnutation.
Phototropic Figure 6 . Fluences as low as 1 erg cm-2 give rise to an acceleration of growth over the next hour. As the incident energy increases, the growth stimulation decreases, and becomes a growth inhibition. From the initial accelerations at the higher exposures (Fig. 6) , we suggest that the growth inhibitions superimpose and then mask the acceleration phenomenon. It is possible that growth inhibitions noted at the higher exposures represent the beginning of the phototropic reaction.
this sensitive light-growth response. The energy range that is effective in acceleration of growth is of similar magnitude and rapidity of effect as those energies at which blue light alters the rate of protoplasmic streaming (2) . However, light decreases the rate of streaming in Avena, with a return to the dark value in about 10 min. 
